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The feasibility of deep-drawing has been studied using ceramic dies (Kataoka et al., 2004) . Ceramic dies have been successfully applied to the deep drawing of mild steel and pure copper sheets but not to the deep-drawing of titanium sheets. In the deep-drawing of metal alloy sheets, a pretreatment, in which an adhesive tribological coating is formed, is effective for improving workability when using alumina and zirconia dies. Adapting the design of the ceramic die to each material is indispensable for realizing dry forming. However, the workability of ceramic tools is poor for complicated shapes, which is limited to simple shapes. Thus, the use of electroconductive ceramic tools has been proposed (Tamaoki et al., 2006) . Electroconductive ceramic tools can be formed by electrical discharge machining methods. Using an electroconductive ceramic as a plastic-forming tool, high drawability was confirmed and the dry deep-drawing of what was successfully performed up to 10,000 times. We have also tried to increase formability of Mg alloy sheet, and obtained some good results by local heating-cooling technique (Yoshihara et al., 2003) and the control of blank holder force (Yoshihara et al., 2005) in deep-drawing process. Diamond-like carbon (DLC) thin film could be a promising alternative to the wet lubricant. DLC is a general term of amorphous carbon or hydrocarbon, expressed as a-C or a-C:H, which is stable in chemically and physically and has a low friction coefficient. DLC is usually prepared by plasma CVD using hydrocarbon monomer gases such as methane. This dry process has been reevaluated as an environmentally friendly system in recent years since it exhausts little hazardous and toxic compounds and it does not require drying process, which can save energy and time. Similarly, DLC coating is not a new technique, but it has been regaining more expectation recently and many applications have been proposed. DLC coating on Mg is one of them, of which research have been reported on not only lubrication but also corrosion protection (Yamauchi et al., 2005; Konca et al., 2006; Yamauchi et al., 2007; Choi et al., 2007a; Choi et al., 2007b; Wu et al., 2010; Dai et al., 2010) . The use of a die coated with DLC for deep-drawing has been proposed owing to the excellent tribological properties of DLC (Kataoka et al., 2005) . The use of a DLC coating has been found to eliminate the need for any lubricants to prevent the adhesion of aluminum to the die material. Also, the DLC coating prolongs the die lifetime to up to 10,000 deepdrawing operations. Similarly, the use of a die coated with a chemical vapor deposition (CVD) diamond film has also been proposed, because the film has superior tribological properties to a DLC film (Tamaoki et al., 2007) . It was confirmed that CVD-diamond-coated dies could perform for 100,000 deep-drawing operations on a stainless-steel sheet (SUS304) without the use of lubricants. On the other hand, a thin hard film coating such as a DLC coated can also be used to improve the lifetime and dimensional accuracy of tools (D'Errico et al., 1998) . For instance, thin PVD layers can be coated on a mold to increase the lifetime of tools (Reisal et al., 2003; Tillmann et al., 2009 ). The surface of tools is easily damaged upon coming into contact with hard materials and by repeated scratching. For the prolongation of the tool lifetime, thin layers deposited by PVD have been employed. It was confirmed that the tool lifetime was increased when the friction between the tool and hard materials was reduced by the PVD layer. Many studies of coating technique for tools in press forming have been practiced. In our research, we coated DLC film on Mg alloy sheet using low-temperature plasma in order to reduce the surface friction, which enables the Mg alloy sheet to be press-formable without lubricant. We mainly introduce and present our original experimental results on this subject. And in the last section, we added some data of DLC coated Al alloy sheet. The formability of Al is superior to Mg, but it still requires lubricant even at an elevated temperature. As gases for plasma CVD of DLC, methane and hydrogen were used. As for plasma deposition of silicon layer, tetraethoxysilane (Si(OC 2 H 5 ) 4 ) was used.
Nomenclature
As lubricants for deep drawing, MoS 2 and GM100 (Nihon Kohsakuyu Co., ν = 38.38 mm 2 /s at 40 °C) were used.
DLC coating
DLC coating and silicon-layer coating were carried out with a plasma polymerization apparatus (Samco International, PD-S10) shown in Figure 1 . Most of the cases, silicon layer was coated first on Mg alloy sheet, then DLC was coated continuously without breaking the vacuum. A capacitively coupled radio-frequency (13.56 MHz) plasma was created between a pair of stainless-steel electrodes (160-mm d., 60-mm gap). Mg alloy sheet samples were placed underneath of the top electrode, to which the power was supplied. The electrode was not heated intentionally. The flow rate of TEOS was controlled with a needle valve while methane and hydrogen were introduced into the reactor through a mass flow controller (Tylan FC-770A). The pressure of the system was monitored with an absolute pressure gauge (MKS Baratron 122AA). During the plasma coating, deposition rate and total thickness were monitored with a deposition monitor (Leybold Inficon, XTM/2) that had a quartz oscillator sensor coated with gold, which was placed beside the bottom and ground electrode. 
Surface analysis
In addition to the thickness measurement with a deposition monitor placed beside the bottom electrode, we measured the thickness directly on the sample with a surface profile measuring system (ULVAC, Dektak3 ST). Surface chemical composition of DLC coated Mg alloy sheets were analyzed with X-ray photoelectron spectroscopy (XPS, JEOL, JPS-9200).
In compensation for the data of XPS, glow discharge spectroscopy (GDS, Rigaku GDA750) was used for the analysis of surface concentration of hydrogen. Surfaces of DLC coated Mg alloy sheets were observed with scanning electron microscope (SEM, Elionix, EXM-3500).
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The surface roughness was measured in the direction of the TD cross section. The sliding speed was 0.1 mm/s, the sliding distance was 3-5 mm and surface roughness was measured at regular intervals of 0.002 mm. The reference length was 0.8 mm.
Adhesion test
For the evaluation of the adhesivity of the DLC coatings on Mg alloy sheet, cross-cut test was carried out. In the test, the surface layer of DLC coated Mg alloy sheet was cut straight with 1-mm interval for X-and Y-axes to make one-hundred 1-mm squares in a 10-mm square. An adhesive tape (Nichiban, Serotepu) was placed on it with a good contact. Then the tape was pulled back toward 180° angle. The adhesivity was evaluated from the number of unpeeled squares out of 100.
Friction test
Friction tests were carried out using a ball-on-disc type friction-testing machine (tribometer). Figure 2 shows a schematic illustration of the friction testing machine and Table 2 shows the conditions of the friction tests. The 0.5 N of vertical load was applied to Mg alloy sheet (30-mm d.) on the turntable. The friction coefficient was measured while the turntable was rotated at a circumferential velocity of 10 mm/s.
Radius of rotation Abrasion track
Vertical load Mg alloy sheet Turntable Ball (6-mm d.) Table 2 . Experimental condition of friction test Figure 3 is a schematic illustration of the deep-drawing apparatus and Table 3 shows typical conditions in the deep-drawing test. The compact press-forming machine with the capability of providing a punch thrust force of 5 kN was used in this experiment. This machine can generate an arbitrary blank-holding force and punch speed. Table 3 . Experimental conditions in deep drawing test The effect of the DLC coating on the LDR of the Mg alloy sheet was also investigated, and DLC coated blanks were compared with blanks coated with the other lubricants in terms of the maximum punch load and the drawn-cup height. Moreover, it was determined whether the DLC coated blanks were suitable for plastic processing.
Circular-cup deep-drawing test

DLC coating and its fundamental properties
4.1 DLC coating DLC is a general term of amorphous carbon or hydrocarbon, and there is no strict definition in chemical structure. Therefore, many kinds of hydrocarbon are used as starting material and many kinds of DLC have been prepared. In this research, we used a mixture of CH 4 and H 2 as a monomer gas for DLC coating. Figure 4 is a photograph of the original Mg alloy sheet and DLC coated Mg alloy sheet. DLC coating exhibited gold color. Figure 5 shows deposition rate of DLC measured with the deposition monitor beside the bottom electrode, as shown in Figure 1 , when the concentration of CH 4 in the gas mixture varied in total flow rate of 25 sccm. The deposition rate monotonously increased with CH 4 concentration, which is naturally expected because methane supplies main chain of DLC. However, the deposition rate is dependent on position in a reactor. In our research, from our previous study on the position of Mg alloy sheet for DLC coating in the reactor, underneath of the top powered electrode was found to be better than the bottom ground electrode in view of deposition efficiency and coating properties. Therefore, we placed the Mg samples underneath of the top electrode.
Since the thickness monitor is not placed near the top electrode, we measured the coating thickness directly with the surface profile system. Figure thicknesses measured with the deposition monitor and the surface profile measuring system. This relation is a simple proportion with the slope of 11. Therefore, we regard the actual thickness as the product of the readings of the deposition monitor multiplied by 11.
Chemical surface analysis and adhesion of DLC
In general, the adhesion between organic and inorganic materials is poor. Since DLC is categorized into an organic material, the adhesion between DLC and metal (Mg) is naturally expected to be poor. Therefore, usually, Si containing intermediate layer is inserted between them. Also in our preliminary study, most of the DLC coatings we prepared in various conditions directly on Mg alloy sheet were found to fail the peeling test. In our research, therefore, we used TEOS plasma coating for the intermediate layer. TEOS was used as a monomer and deposited on Mg alloy sheet directly before DLC coating, which is expected to improve the adhesivity. In order to examine the chemical structure and chemical composition of the TEOS-and DLC coated Mg alloy surfaces, we analyzed them with XPS. Figure 7 shows XPS wide spectra of the surfaces of Mg alloy sheet: (a) non-coated, (b) silicon-layer coated, (c) silicon-layer and DLC coated, (d) after peeling test of (c), in which the DLC coating was intentionally removed. There are naturally Mg 2s and 2p peaks at 50-100 eV on the original Mg alloy sheet. After silicon-layer coating, Mg peaks disappeared and Si 2s and 2p peaks appeared instead at 110-160 eV. After successive DLC coating, C1s peak (280-290 eV) with great intensity was found while Si signals were disappeared. Then, when the DLC coating was peeled off, C1s peak was drastically reduced and Si and Mg peaks were recovered. Since the intensity of Si and Mg signals in Fig.7d are not very strong, it is difficult to identify which interface or layer is responsible for the failure, Mg/silicon or silicon/DLC. One of the reasons we expect the adhesivity improvement is a formation of Si-C covalent bond (Capote et al., 2008) . Figure 8 shows Si2p XPS spectra of (a) TEOS coated and (b) TEOS and DLC coated Mg alloy sheet surfaces. In this particular sample for XPS, DLC was coated for only 5 nm in order for the interface to be analyzed. In TEOS coated surface (a), only Si-O peak was found, while in DLC coated surface on TEOS coating (b), Si-C peak was newly found, which is effective in the adhesivity. Most of the cases, the adhesion is improved by the Si containing intermediate layer. But based on all the XPS results presented above, if the coating is to be peeled off, we suppose the locus of failure is the cohesive failure of silicon layer. Since silicon layer has a brittle nature, the coating conditions should be carefully selected.
In XPS analysis, deconvolution of narrow spectra could provide precise chemical structure of surfaces. Even for a hydrocarbon peak, the deconvolution enables us to distinguish sp 3 and sp 2 carbons, in which the peaks for sp 3 and sp 2 are located at around 285.2 and 284.3 eV, respectively (Mizokawa et al.,1987; J. Diaz et al., 1996) . Figure 9 is an example of deconvoluted C1s XPS spectrum of DLC coating. 1 and 2 in the figure represent sp 2 and sp 2 , respectively. The relationship between sp 3 /sp 2 and CH 4 concentration in DLC coating is shown in Figure 10 . As is expected, sp 3 decreases as the CH 4 concentration increases. When we deal with organic materials, we are always reminded of the defect of XPS: hydrogen cannot be detected. Along with XPS, ATR-FTIR is often used for the analysis of surface chemical structure, but glow discharge spectrometry (GDS) may be the easiest technique to compensate XPS analysis. In GDS measurement, by subjecting a sample to plasma, relative contents of all the elements including H that constitute the surface of the sample are obtained by the analysis of emission in plasma. Figure 11 shows the relationship between H content and CH 4 concentration in DLC coating. The results can be naturally explained that the relative content of H found in the DLC coating was inversely proportional to CH 4 concentration in plasma gas. Most of the cases, the silicon layer improved the adhesion of DLC on Mg alloy sheet. We measured the adhesivity of TEOS and DLC coatings deposited at various conditions on Mg alloy sheets by cross-cut test. Figure 12 shows the results of the cross-cut test for the samples coated with various TEOS flow rates (1 to 4.5 sccm) and various CH 4 concentrations (10% to 80%) in the total flow rate of 25 sccm with H 2 . The greater number of unpeeled square shows greater adhesivity. As far as the deposition rate is concerned, which is dependent on the monomer concentration, higher TEOS flow rate and higher fraction of CH 4 shows greater values. Therefore, since the other plasma parameters are fixed, the thicknesses of the layers for the tested samples were varied. From this figure, for any given CH 4 concentration, the higher TEOS flow rates show better adhesivity. Regarding the CH 4 concentration, it is interesting that the lower concentration showed better adhesivity although the coating layer is thinner. Probably, at a low deposition rate, DLC coating with good interaction with silicon layer was obtained. Through the cross-cut test, the relatively high adhesion was found to be obtained under following conditions: TEOS, 150 W, 3-5 sccm, 1-3 min; CH 4 /H 2 , 150 W, 25 sccm (CH 4 60-80%), 10 min. The thicknesses of silicon layer and DLC coating prepared under those conditions were estimated to be 50-200 and 400-600 nm, respectively.
Surface morphology and surface roughness of DLC coated Mg alloy sheet
The surface morphology of DLC coated Mg alloy sheets was observed with SEM. (Fig.13b) , oriented long flakes are found, which are obviously ready to come out. When only TEOS was coated on Mg (Fig.13c) , on the other hand, a regular dense waving pattern was found, which looked tight and rigid and seems to have good adhesion and might be favorable in lowering the surface friction coefficient. This pattern was found on the most of TEOS coated Mg alloy sheets but not on the direct DLC coating on Mg regardless of the CH 4 concentration. The adhesivity could be judged by the close look of those photographs. Then, when DLC was coated after TEOS coating (Fig.13d) , the appearance did not change from TEOS coating (Fig.13c) , keeping the waving pattern, and the adhesivity seems to be good. When DLC was coated thicker (30 min) after TEOS coating (Fig.13e) , a high internal stress caused peeling, but it is interesting to refer that the waving pattern of TEOS coating has been inherited. Figure 14 shows the surface roughness curves of the non-coated and DLC coated Mg alloy sheets. As shown in the figure, R z and R a for non-coated Mg alloy sheet were 1.65 and 0.24 μm, respectively, while those of DLC coated Mg alloy sheet were 1.78 and 0.21 μm, respectively. Those values were comparable, and it is confirmed that the surface roughness remains almost unchanged by DLC coating. Figure 15 shows approximate friction coefficient-sliding distance curves of various Mg alloy sheets. They are, three DLC coated (different plasma condition) and two lubricant-coated (MoS 2 and GM100) Mg alloy sheets along with non-coated one. The average friction coefficient for each specimen calculated based on this figure is shown in Table 4 . It is possible to reduce the surface friction coefficient of DLC to less than 0.1 if you want to, but our objective was to obtain the friction coefficient comparable to MoS 2 . The friction coefficient of DLC coated Mg alloy sheet was reduced significantly from 0.42 to 0.16-0.18, which is the same level to MoS 2 lubricated one. For a DLC coating in general, the friction coefficient of 0.16-0.17 is not very low, but it is low enough for the present application, and other factors may be contributed to the formability of the Mg alloy sheet. 
Surface friction of DLC coated Mg alloy sheet
Circular-cup deep-drawing test
The ultimate objective of this research "better formability" comes to press forming and deep drawing. For the circular-cup deep-drawing test, we used DLC coatings with small friction coefficient because there is a clear correlation between friction coefficient and formability. Figure 16 depicts punch load-punch stroke curves and the photographs of the drawn cup at 100, 200 and 300 °C for DLC and other lubricant-coated Mg alloy sheets. Table 5 shows the maximum punch load and punch stroke at the maximum punch load point under various conditions and temperatures. At 100 °C, the height of the drawn cup of DLC coating was the same as the height of the drawn cup of MoS 2 and GM100. These results were superior to those obtained in the case of non-coating at the maximum punch load and punch stroke. At this temperature, little effect of lubrication including DLC coating observed: difference of deep drawability among the lubricated Mg alloy sheets was not ascertained. At 200 °C, in case of DLC coating, MoS 2 , and GM100, samples survived the complete deepdrawing process without fracture. Moreover, the maximum punch load of the DLC coating and MoS 2 was 5.39 and 5.47 kN, respectively: 5.39 kN for DLC coated Mg alloy sheet was the lowest in any other conditions. Non-coated one immediately fractured. DLC coated Mg alloy sheet had good deep drawability comparable to that for MoS 2 lubricated one. At 300 °C, in case of DLC coating the punch stroke was the longest of any other conditions. It was observed that the DLC coating reduces the punch load and affects deep drawability. It was confirmed that the DLC coating has a distinct lubrication capability which is as good as the lubricant for the plastic processing of a Mg alloy sheet. Furthermore, it was made clear that DLC coating improves the deep drawability of Mg alloy sheet. Table 5 . Maximum punch load and punch stroke Figure 17 is the success-fail diagram of circular-cup deep-drawing for DLC coated and GM100 lubricated Mg alloy sheets. In this figure, circle mark "O" indicates successful of deepdrawing, "X" the fracture at the punch shoulder, and triangle mark the fracture at the wall. The LDRs for the deep-drawing of DLC coated and GM100 lubricated Mg alloy sheets were predicted from the intersection of the two thick lines in the figure. For the determination of the LDR, deep-drawing tests were carried out under conditions similar to those at the intersection. As results, Mg alloy sheet was possible to deform up to LDR= 2.23 for DLC coated and LDR= 2.20 for GM100 lubricated.
In general, the LDR for circular-cup deep-drawing is obtained from fracture of the punch shoulder. However, in these tests, the fracture occurred at the side wall section area where the surface was subjected to reasonably tensile stress generation because the die shoulder was heated. Fig. 17 . Limiting drawing ratio (LDR) of (a) DLC coated and (b) GM100 lubricated Mg alloy sheets Table 6 shows the circular-cup deep-drawability with the blank holder force of 150 N at 200 °C. As explained in Fig.18 , the LDR for DLC and GM100 was 2.23 and 2.20. On the other hand, the LDR for MoS 2 lubricated Mg alloy sheet was 2.3 and that for non-coated one was 1.9. Although the surface friction coefficient of DLC coated and MoS 2 lubricated Mg alloy sheet was comparable level in the friction test, the LDR was difference between DLC and MoS 2 . It is considered that DLC film was exfoliated due to effect on the frictional resistance at the die shoulder part, and the frictional force was increased by exfoliation of the DLC film. DR Type 1.9 2.0 2.1 2.2 2.3 2.4 Figure 18 shows the distribution of the wall thickness from the bottom to the edge of the drawn-cup with a DLC coated in the directions of RD-and TD-cross-sections. The wall thickness was the same as the initial thickness at the bottom of the drawn-cup. The reduction of the wall thickness and tensile elongation at the punch shoulder were confirmed in both directions and the thickness increased at the side wall. On the other hand, the reduction in thickness of the punch shoulder and the deformation in the RD-cross-section direction were inhibited in comparison with that in the TD-cross-section direction. The reason was the effect of the anisotropy (r value) of the Mg alloy sheet. For the evaluation of the lubricating performance of the DLC coating, three wall thickness distribution points at the punch shoulder, at the side wall part, and at the brim of the cup were compared with those for GM100 lubricated Mg alloy sheets. The reduction of the wall thickness for DLC coated was less than that for GM100 lubricated. As a result, it was confirmed that the DLC coating has good lubricating performance compared with GM100. 
DLC Coating on aluminum alloy sheet
As a comparison to Mg alloy sheet, DLC was coated on aluminium (Al) alloy sheet, another versatile light metal. Also in the press forming of Al alloys, lubricating oil is used to prevent the adhesion of Al alloys to the forming tools. Therefore, new lubricating techniques, preferably dry system, are an urgent necessity. Al alloy sheet used in this experiment was A5052-O (0.5-mm thick). Disk of the Al alloy sheet (18.05-mm d.) was used for both friction test and deep drawing. DLC was coated in the same manner as that on Mg alloy sheet. Also, the conventional lubricant GM100 was used for a comparison. Figure 19 shows the results of peeling test, which depicts the adhesivity of DLC on Al alloy sheet. If you compare this figure with Fig.12 , which corresponds to Mg alloy sheet, you will see that Al has less dependency on TEOS flow rate: Al alloy sheet can achieve good adhesivity at wide plasma deposition condition. At room temperature, the average friction coefficient of non-coated Al alloy sheet was 0.60, which was reduced to 0.43 by GM100 lubrication. Further, much lower values, 0.16-0.2, were marked by DLC coated ones, which exhibited good lubricating performance. At 200 °C, extremely low friction coefficient, 0.03, was obtained by two of three DLC coated ones, while that of GM100 lubricated one was reduced somewhat. On the contrary, that of non-coated one was increased, because the adhesivity of the aluminum alloy increased with temperature. From these results, DLC coating is expected to have a good property for deep drawing, too. Figure 21 shows the punch load curves in deep drawing of (a) DLC coated and (b) GM100 lubricated Al alloy sheets at 200 °C. The deep-drawing apparatus used for Al alloy sheet was a compact press-forming machine, which is different from the one used for Mg alloy sheet. The deep-drawing test was conducted at a punch thrust force of 5 kN and three punch speeds, 0.05, 0.5, and 5.0mm/s, for the investigation of the effect of the strain ratio on deep-drawability. From this figure, it was found that the maximum punch load of DLC coated Al alloy sheet was about 40% less than that of GM100 lubricated one at each punch speed. The deepdrawing of DLC coated Al alloy sheet was also completed at room temperature, but the maximum punch load exceeded 2 kN for all punch speeds.
TEOS flow rate (sccm) (Horiuchi et al., 2010) As for the relationship between the punch load and the maximum punch speed, there is a regular correlation as shown in Fig. 21 : the punch load increased with the punch speed. On the contrary, in the deep-drawing of DLC coated Al alloy sheet at room temperature, an inverse correlation was found: the punch load decreased with increasing punch speed. These phenomena can be explained by the strain rate sensitivity (m value) of A5052. The m value is positive at 200 °C, but it is negative at room temperature. From these results, the maximum punch load is affected by the dependence of the punch speed on temperature. . Punch load-punch stroke curves for (a) DLC coated and GM100 lubricated Al alloy sheets at varied punch speeds. (Horiuchi et al., 2010) while those of MoS 2 and GM100 lubricated Mg alloy sheet were 2.30 and 2.20, respectively. The punch load of DLC coated Mg alloy sheet was lower than those of MoS 2 and GM100 lubricated ones. It is concluded that the use of the DLC coating improved the formability of Mg alloy sheet compared with the use of other lubricants. Similar results were also found on the DLC coated Al alloy sheet. The formability will be further improved by the optimization of DLC coating conditions. This technique, coating on forming material rather than die, is useful for complex-shaped press forming. It is necessary for DLC coating to have a good adhesivity for better formability, but one of the ultimate goals is self-removal after press forming.
Conclusion
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